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To identify the signals that promote colonic epithelial cell proliferation and to determine how they are affected by diet, we have used an in vivo mouse model called transmissible murine colonic hyperplasia (TMCH) (24) . In this model, sustained proliferation of the distal colonic epithelium is induced by infection of mice with the attaching and effacing bacterium Citrobacter rodentium (CR). The cellular and molecular events that occur in this model are similar to those that occur in colon adenomas and carcinomas (29) . Furthermore, this bacteriuminduced hyperplasia increases the susceptibility of the mouse colon to adenomatous tumors (neoplasia) (1, 27) . The cellular changes include a two-to threefold increase in the length of the crypts, an eight-to ninefold increase in mitotic activity in the crypts, and goblet cell depletion (3, 24) . The molecular changes that occur include, but are not limited to, activation of phospholipase C with an associated increase in the influx of inositol triphosphate and calcium and a profound and sustained activation of established epithelial cell modulators, such as ␤-catenin and NF-B (19, 32, 38) . This model is attractive, not only because these cellular and molecular events occur rapidly but also because it is very sensitive to dietary manipulations. For example, it was shown that if the infected mice were fed either a high-fiber (6% pectin) or high-calcium (hCa 1% instead of 0.5%) diet, the hyperplasia was diminished without changing the amount of CR colonization in the colon (36) . Additional studies found that the pectin-rich diet diminished ␤-catenin activation (36) and downregulated NF-B activation (S. Umar, unpublished data), suggesting that pectin prevents hyperplasia by suppressing these signals. Surprisingly, a hCa diet did not have any detectable effect on either the ␤-catenin or NF-B pathway (Ref. 36 , and S. Umar, unpublished data), suggesting that the hCa diet must target another epithelial cell modifier in the colon. Because one of the earliest events in TMCH is a change in intracellular calcium homeostasis through phospoholipase C activation (19) , we hypothesized that gene regulatory events associated with cellular and/or extracellular calcium homeostasis could contribute to epithelial hyperplasia and be targets for the growth inhibitory effect of a hCa diet. Here, we show that the transient receptor potential cation channel, subfamily V, member 6 (TRPV6), which regulates the physiological process of active calcium absorption in the proximal small intestine (4, 35) , promotes colonic cell proliferation and is a likely target for the growth inhibitory effect of a hCa diet. For detection of TRPV6 mRNA, a commercial cDNA array of unidentifiable human colon samples was purchased from OriGene Technologies. Tri-reagent, PMA, ionomycin, and cyclosporine A were purchased from Sigma-Aldrich. The WST-1 assay reagent was purchased from Roche Diagnostics. The homogenous caspase 3/7 assay kit, the dual luciferase assay kit, and the nuclear factor of activated T cells (NFAT)-luciferase plasmid were purchased from Promega. Lipofectamine 2000 and optiMEM-1 were purchased from Invitrogen. Silencer negative control no. 1 small interfering RNA (siRNA) and TRPV6 siRNA duplex sets (ID: s30899 and s30900) were purchased from Applied Biosystems.
MATERIALS AND METHODS

Materials
TMCH mouse model. The Institutional Animal Care and Use Committees of The University of Texas Medical Branch (Galveston) and The University of Texas M. D. Anderson Cancer Center approved all of the animal studies. Male NIH-Swiss mice (20 -25 g ) were housed in a conventional specific pathogen-free facility and were maintained on unpurified Teklad 7012 diet unless otherwise indicated. Prior to CR infection, mice were transferred to a biohazard facility in microisolator cages. To induce TMCH they were given an overnight culture of CR diluted with drinking water, as described previously (32, 38) . Mice in the control group were given water-diluted sterile Luria broth as a mock infection. When indicated, purified diets were provided to uninfected and infected mice on the third day following either infection or mock infection. Animals were euthanized at 6 and 12 days postinfection, and 4 cm of the distal colons was removed and used for further analyses.
Isolation of intact colonic crypts and Western blotting. Distal colonic crypts were isolated for length measurement and processed for biochemical assays as described previously (32, 38) . Briefly, distal colons were attached to a paddle and immersed in Ca 2ϩ -free standard Krebs-buffered saline (in mM: 107 NaCl, 4.5 KCl, 0.2 NaH 2PO4, 1.8 Na 2HPO4, 10 glucose, and 10 EDTA) at 37°C for 10 -20 min, gassed with 5% CO 2-95% O2. Individual crypt units were then separated from the submucosa and musculature by intermittent (30 s) vibration into ice-cold potassium gluconate-HEPES saline (in mM: 100 potassium gluconate, 20 NaCl, 1.25 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, and 5 sodium pyruvate) and 0.1% BSA.
For Western blotting, crude cellular extracts were prepared from either isolated crypts or whole distal colons of normal and CRinfected mice by homogenization in buffer containing (in mM) 50 Tris·HCl, 250 sucrose, 2 EDTA, 1 EGTA (pH 7.5), and 10 ␤-mercaptoethanol with 0.5% Triton X-100, plus protease and phosphatase inhibitors. After a low-speed spin (15,000 g for 15 min), the clear supernatant was saved as total solubilized protein cell extract. Protein concentrations were determined, and extracts were frozen in liquid nitrogen and stored at Ϫ70°C for further analyses.
The colon or crypt extracts (25-100 g protein/lane) were subjected to SDS-PAGE and electrotransferred to nitrocellulose membrane. The membranes were blocked with 5% nonfat dried milk in TBS [20 mM Tris·HCl and 137 mM NaCl (pH 7.5)] for 1 h at room temperature and then overnight at 4°C. The antigen was detected by incubating the membranes for 1-2 h with the relevant antibodies (0.5-1.0 g/ml in TBS containing 0.1% Tween 20) . After washing, membranes were incubated with horseradish peroxidase-conjugated rabbit anti-sheep IgG and developed using the ECL detection system (Amersham, Arlington Heights, IL) according to the manufacturer's instructions.
Immunohistochemistry. Immunohistochemistry for bromodeoxyuridine (BrdU) and immunofluorescence for PCNA and for TRPV6 were performed on 5-m-thick frozen sections from distal colons of normal and TMCH mice (day 6 and day 12 postinfection) utilizing the horseradish peroxidase (HRP)-labeled polymer conjugated to secondary antibody using Envision ϩ System-HRP (DAB; DakoCytomation, Carpinteria, CA) with microwave accentuation as described (38) . Antibody controls were either omission of the primary antibody or substituting it with preimmune IgG. The visualization was carried out either via light microscope (immunohistochemistry) or confocal microscopy.
RNA extraction and RT-PCR. Total RNA was extracted from isolated colonic crypts or from whole kidney homogenates by using TRI Reagent. Total cDNA was synthesized by using Superscript II and random primers. Specific gene products were identified by performing semiquantitative PCR using 1/20 dilution of the cDNA, For each gene product, the amplification cycle number was chosen empirically within the linear range. Primer sequences and each PCR product size are provided in Supplemental Table S1 .
The PCR products were separated by polyacrylamide gel electrophoresis and visualized by ethidium bromide staining of the gels under UV light. Gel data were recorded with the Bio-Rad FluorS Imaging System, and relative densities of the bands were determined with Quantity One software (Bio-Rad, Hercules, CA). Gene expression was normalized with GAPDH expression.
Cell culture and transfections. The human colon carcinoma cell line Caco-2 was obtained from ATCC and maintained in DMEM and 10% fetal bovine serum. To assess expression of TRPV6 mRNA, the cells were seeded in six-well plates at 600,000 cells/well. Forty-eight hours later, the medium was replaced by opti-MEM (Invitrogen) and a Lipofectamine-siRNA duplex mixture was added (using 1 l of Lipofectamine per 100 nM of siRNA duplex per 1 ml of culture medium). Six hours later, the medium containing the transfection mixture was replaced by DMEM containing 10% FBS, without antibiotics. RNA was extracted 48 h later by using the Tri reagent, and TRPV6 mRNA was assessed by semiquantitative RT-PCR, using ␤-actin mRNA as a loading control.
Reporter gene expression. To determine the effect of drugs (PMA, ionomycin) or siRNA on NFAT-luciferase activity, Caco-2 cells were seeded in 24-well plates (150,000 cells/well). After 48 h, the medium was replaced by opti-MEM and transfection mixtures containing Lipofectamine 2000 (1 l per well), siRNA duplex (100 nM), NFATluciferase (firefly) plasmid (250 ng/well), and the reference Renilla luciferase plasmid (50 ng/well) were added. After 6 h, the transfection mixture was replaced by DMEM and 10% serum. After 24 h, either vehicle (DMSO) or drugs (1 M ionomycin, 50 ng/ml PMA, 1 g/ml cyclosporine A) were added. Forty-eight hours after transfection, the medium was removed and the cells were lysed in passive lysis buffer, according to the manufacturer's instruction. The dual luciferase assay was performed by using 20 l of cell lysate, and Renilla luciferase activity was used to normalize NFAT-luciferase (firefly) activity.
Assessment of cell proliferation and apoptosis. To assess cell proliferation, Caco-2 cells were seeded in 96-well plates at a density of 7,500 cells/well. Forty-eight hours later, the medium was changed to opti-MEM, and a transfection mixture containing 0.8 l of Lipofectamine and 100 nM of siRNA duplex was added for 6 h. Next, the medium was changed to DMEM ϩ 10% fetal bovine serum without antibiotics, and the cells were incubated for up to 72 h. Cell proliferation was assessed by measuring the cleavage of the stable tetrazolium salt WST-1 to a soluble formazan dye, which causes a colorimetric reaction. This was done by measuring the absorbance of the sample between 450 and 620 nm. These measurements were performed immediately after transfection (day 0) and 3 days later by use of an ELISA plate reader. All measurements were performed four times. Similar plating and transfection conditions were used to assess apoptosis by using the homogeneous caspase 3/7 assay kit, which measures the enzymatic activities of caspases 3 and 7 in cell lysates using the profluorescent caspase 3/7 consensus substrate, Z-DEVD-R110. In this assay, when the DEVD peptide is cleaved on the COOH-terminal side of the aspartate residue by the caspase-3/7 enzymes, rhodamine 110 becomes fluorescent when excited at a wavelength of 498 nm with an emission maximum at 521 nm. The assay was performed 3 days after transfection, and fluorescence was recorded with an ELISA plate reader.
Statistical analysis. Data are presented as means Ϯ SD of values obtained from three to five experiments (2-4 mice per treatment group). To test for significant differences between means, nonparametric Mann-Whitney test was employed using Statview 4.1 (Abacus Concepts, Berkeley, CA); P values less than 0.05 were considered to be statistically significant.
RESULTS
Expression of calcium-regulating genes in the colons of CR-infected mice.
To determine whether TMCH is associated with changes in the expression of genes that regulate cellular and extracellular calcium homeostasis in the gut (35), we measured mRNA levels of vitamin D receptor (VDR), the calcium-sensing receptor (CaSR), calbindin D9K, and the calcium channels TRPV5 and TRPV6 using RNA extracted from colonic crypts isolated from uninfected and CR-infected mice. Figure 1A shows a significant and sustained change in TRPV6 expression only, which was elevated 10-fold by day 6 and 20-fold by day 12 postinfection.
In the proximal small intestine, 90% of TRPV6 expression is dependent on VDR and its ligand, 1,25(OH) 2 D 3 . In addition, TRPV6 mRNA is induced by 1,25(OH) 2 D 3 in a VDR-dependent manner in the normal mouse colon (26, 35, 40) . Therefore, we measured whether the elevated TRPV6 expression in the infected colon was associated with a systemic increase in 1,25(OH) 2 D 3 synthesis through renal CYP27B1 (12) or with a local increase caused by the upregulation of CYP27B1 expression by the inflammatory response in the colon (43) . We assessed the expression of CYP27B1 in both the kidneys and the colons of uninfected and infected mice. We also assessed the expression of CYP24 to determine whether a reduction in the catabolism of 1,25(OH) 2 D 3 could contribute to the elevated expression of TRPV6. We found that renal expression of CYP27B1 mRNA, but not CYP24 mRNA, was reduced by the infection (Fig. 1B) . CYP24 (data not shown) and CYP27B1 mRNA levels in the crypts isolated from normal or infected mice were unchanged (Fig. 1C) . In addition, the CYP27B1 protein levels in the isolated crypts did not increase during TMCH. In whole colon extracts, the CYP27B1 protein level was unchanged 6 days postinfection, even though the TRPV6 level at that time was already very high, and the CYP27B1 level was only modestly (2-fold) upregulated by day 12 postinfection (Fig. 1D) . These studies suggest that upregulation of TRPV6 expression in the colonic crypts is probably not mediated by an overproduction of 1,25(OH) 2 D 3 .
Differential regulation of TRPV6 expression in response to diet and 1,25(OH) 2 D 3 . To determine whether a hCa diet had any effect on TRPV6 expression, mice were fed either a standard diet (Teklad 7012) or a semipurified hCa diet (TD.97200, 1% calcium), and we assessed TRPV6 mRNA levels in colonic crypts from uninfected or infected mice 6 and 12 days postinfection. The TRPV6 mRNA levels were reduced in crypts from both normal and infected mice fed the semipurified hCa diet ( Fig. 2A) .
Because the estimated calcium content in the standard Teklad 7012 diet is similar (0.95%) to that of the semipurified hCa diet (1%), we wished to ascertain that the ingredient causing the inhibition of TRPV6 expression in the semipurified diet was indeed Ca. Therefore, uninfected and infected mice were fed a standard diet (Teklad 7012), a semipurified diet containing 0.5% Ca (TD.94045), or a semipurified diet containing 1% Ca (TD.97200) for 10 days (starting 2 days after either mock or Table S1 ); relative changes in TRPV6 mRNA are shown at bottom. Total RNA was extracted from either kidneys (B) or colonic crypts (C) of uninfected or infected mice; GAPDH mRNA was used as a loading control. D: CYP27B1 protein was assessed in tissue extracts from isolated crypts or whole distal colon homogenates by Western blotting and ␤-actin was used as loading control. Results shown are representative of 3 experiments each performed with 2-4 mice per treatment group. A white line was inserted in C to indicate the joining of separate fields from a single gel image.
CR infection), and we assessed TRPV6 expression in isolated crypts. The TRPV6 expression increased in the crypts of mice fed either the standard or semipurified diet containing 0.5% Ca but was suppressed in the mice fed the semipurified diet containing 1% Ca (Fig. 2B) . The changes in TRPV6 expression correlated with the anticipated cellular responses to these diets: the crypt lengths increased twofold in infected mice fed either the standard or the semipurified diet containing 0.5% Ca, whereas the crypt lengths were near normal in the mice fed the hCa diet (Fig. 2C) . We also confirmed that the semipurified hCa diet did not prevent the accumulation of ␤-catenin and the p65 subunit of NF-B, which are established indicators of activation of these two signaling pathways in TMCH (Fig. 2D and Refs. 32, 37, 38) .
Because our earlier studies suggested that pectin-rich and hCa diets inhibit colon hyperplasia by suppressing distinct growth-promoting signals (36), we next determined whether TRPV6 expression was preferentially responsive to the semipurified hCa diet. Interestingly, feeding the infected mice a semipurified pectin-rich diet (TD.97202 containing 6% pectin and 0.5% Ca) had no effect on TRPV6 mRNA levels (Fig. 2E) .
These results indicate that CR infection upregulates and Ca diminishes TRPV6 expression in colonic crypts. These experiments also suggest that Ca availability is significantly greater in the semipurified hCa diet than in the standard diet, as been demonstrated by others (17) .
Because (Fig. 2F) .
Effect of diet and TMCH on TRPV6 localization in the colon.
Because TRPV6 regulates transcellular calcium absorption in the intestine, its normal localization is in the apical membrane of absorptive enterocytes (4). To determine how either CR infection or the hCa diet affect the cellular distribution and abundance of TRPV6, we performed immunofluorescence studies by using frozen sections of distal colon from uninfected and infected mice fed either a standard or semipurified hCa diet (Fig. 3) .
In the normal colon, TRPV6 was localized primarily in the apical membrane at the absorptive surface of the colon, and there was no detectable TRPV6 in the proliferating zone of the normal crypts (Fig. 3) . In contrast, in the crypts from infected mice, there was greatly more TRPV6 protein than in the uninfected control mice, and although it was still detected at the partially damaged absorptive surface of the colon, it was also found in the basolateral membrane and the perinuclear area of many epithelial cells, extending from the crypt base to the apex. This localization pattern overlapped with the expanded proliferating zone, as reflected by PCNA immunofluorescence (Fig. 3) . As expected, a hCa diet diminished the amount of TRPV6 and restored its localization to the apical pole, which coincided with an abrogation of hyperplasia (Fig. 3) .
Taken together, the dramatic increases in TRPV6 mRNA and protein levels and its localization during TMCH imply a change in TRPV6's function from regulating calcium absorption to modulating epithelial cell growth.
Colonic crypt epithelia have opposite cellular responses to a hCa diet and 1,25(OH) 2 D 3 . Since a hCa diet suppressed both hyperplasia and TRPV6 expression, we wished to determine whether 1,25(OH) 2 D 3 , which upregulates TRPV6 expression, would induce the opposite cellular response in both the normal and hyperplastic colon and whether these responses would counteract the protective effect of the hCa diet in TMCH. Therefore, we examined the colon weights, crypt lengths, and proliferative activity in crypts from uninfected and infected mice subjected to the following treatments for 10 days (starting 2 days postinfection in mice that received CR inoculation): 1) a standard diet; 2) a purified hCa diet; 3) a standard diet and 1,25(OH) 2 D 3 injections; and 4) a purified hCa diet and 1,25(OH) 2 D 3 injections. The hCa diet restored the distal colon weights in the infected mice to normal and reduced the crypt length significantly (Supplemental Fig. S1, A and  B) . Unexpectedly, we found that the intermittent injections of 1,25(OH) 2 D 3 increased the colon weights and the length and thickness of the crypts in the colons from uninfected mice. Furthermore, 1,25(OH) 2 D 3 increased the thickness of the colonic crypts from the infected mice substantially (Supplement Figs. S1B and 2A) and attenuated the growth-inhibitory effect on colon hyperplasia of the purified hCa diet (Supplemental Fig. S1, B and C) .
Some of these changes in cellular mass were underscored by evaluating DNA synthesis and cell proliferation in the crypts by using BrdU and PCNA antibodies (Supplemental Figs. 2B and Table 1 ). These analyses showed the expected expansion of the proliferative zone from the base to the apex in the infected crypts. They also showed that the semipurified hCa diet reduced cell proliferation in the infected crypts and restored the proliferative zone to the crypt base. In contrast to the hCa diet, the changes in cellular mass induced by 1,25(OH) 2 D 3 did not correlate significantly with the proliferation indexes; there were small increases in BrdU and PCNA labeling of crypts from uninfected mice treated with 1,25(OH) 2 D 3 but no change in these parameters in crypts from 1,25(OH) 2 D 3 -treated infected mice. These results suggest that 1,25(OH) 2 D 3 increases the cellular mass in the crypts by attenuating apoptosis rather than by increasing mitotic activity. Interestingly, we found that the hCa diet inhibited cell proliferation in the crypts from uninfected mice treated with 1,25(OH) 2 D 3 but failed to inhibit cell proliferation in the crypts from infected mice treated with this calcitropic hormone (Supplemental Fig. S2B and Table 1 ). These results suggest that 1,25(OH) 2 D 3 treatment preferentially desensitizes the crypts in TMCH mice to the antiproliferative effects of a hCa diet. Thus we have demonstrated a direct correlation between TRPV6 expression levels and colonic crypt cell proliferation and provide evidence that Fig. 3 . Effect of CR infection and a hCa diet on TRPV6 protein localization. Immunofluorescence was used to detect TRPV6 in frozen sections of colons from uninfected (N) and infected (D12) mice on either a standard or purified hCa diet (D12ϩCa). Phase-contrast images of the same fields were used for orientation and immunostaining, and PCNA was used to define the location of the proliferating zone in the crypts. PCNA bars ϭ 100 m; TRPV6 and phase-contrast bars ϭ 200 m.
1,25(OH) 2 D 3 adversely affects the cellular dynamics in the colonic crypts.
TRPV6 expression and function in colon cancer. Although our experiments imply that overexpression of TRPV6 is associated with aberrant epithelial cell proliferation in the mouse colon, they do not provide proof of a similar association in the human colon. Therefore, we assessed the expression of TRPV6 during colon cancer progression using a commercial cDNA array prepared from 48 human colon specimens including both normal mucosa and tumors from stage I to IV (Fig. 4A) . A semiquantitative RT-PCR analysis of these samples revealed that TRPV6 was overexpressed in 66% of stage I tumors (Fig.  4A ) and 17% of stage II tumors but was barely detectable in the stage III and IV tumors (Fig. 4B) . These results suggest that aberrant overexpression of TRPV6 could be associated with early colon carcinogenesis but not with frank malignancy.
To establish a direct role for TRPV6 in regulating colonic epithelial cell proliferation, we used the colon carcinoma cell line Caco-2, which expresses constitutively high levels of TRPV6. Caco-2 cells were treated either with TRPV6-specific siRNA or with a control siRNA, and their proliferation and apoptosis were assessed by the WST-1 and homogeneous caspase 3/7 assays, respectively. TRPV6 siRNA reduced the TRPV6 mRNA levels by 50 -60% (Fig. 4C ), leading to a 40% reduction in Caco-2 cell proliferation and a more than twofold increase in apoptosis (Fig. 4, D and E) . These results demonstrate that, in addition to its role in intestinal calcium absorption, TRPV6 has the potential to promote the proliferation of colonic epithelial cells and protect them from apoptosis.
A potential downstream target for inward calcium currents induced by TRPV6 is the calcium/calcineurin pathway (23) . The calcium-dependent activation of the phosphatase calcineurin induces the transcriptional activity of nuclear factors in activated T cells (NFAT), contributing to the hypertrophy of many cell types. This process leads to elevated expression of genes, such as COX-2, c-myc, and vascular endothelial growth factor (VEGF), that are implicated in colon cancer progression (2, 8, 23) . To determine the relationship between TRPV6 and NFAT in colon carcinoma cells, we cotransfected Caco-2 cells with an NFAT-luciferase reporter gene and either negativecontrol or TRPV6-specific siRNA. The luciferase activity was tested after treatment with either a control vehicle or a drug combination that fully activates NFAT (PMA and ionomycin). TRPV6 siRNA inhibited the baseline activity of this transgene by 40% and the drug-stimulated NFAT promoter activity by 90% (Fig. 5A ). This inhibition was as effective as that induced by the calcineurin inhibitor cyclosporine A (33) (Fig. 5A) . It is 6-11) . B: bar graph summarizing the incidence of TRPV6 overexpression in all 48 samples (normal mucosa, n ϭ 5; stage I, n ϭ 6; stage II, n ϭ 12; stages III and IV, n ϭ 25). C-E: Caco-2 cells were transfected with either TRPV6 small interfering RNA (siRNA) duplexes (siTRPV6) or negative control siRNA (siNC). C: semiquantitative RT-PCR of TRPV6 mRNA from siRNA-transfected cells. A representative gel from 4 experiments is shown. D: cell proliferation was determined by colorimetric reaction with WST-1. Data were obtained from quadruplicate wells on the day of transfection (day 0) and after 72 h (day 3). Results are expressed as net cell growth over 3 days. E: apoptosis was determined by using the caspase 3/7 assay kit. Data were obtained in quadruplicates, 3 days after transfection. Bar graphs in D and E represent the means Ϯ SE from 4 experiments. *Significantly different from negative control siRNA (P Ͻ 0.05).
important to note that suppression of NFAT activity in these cells by cyclosporine A is associated with inhibition of their proliferation and inhibition of c-Myc expression (25) .
These findings led us to examine changes in NFAT activation in TMCH, and the effect of diets on its abundance in colonic crypts in vivo. There was a profound increase in nuclear NFATc1 protein in colonic crypts of mice during progression of CR-induced hyperplasia (day 6 and day 12 postinfection) (Fig. 5B) . Furthermore, the infection increased total cellular NFATc1 protein abundance, in crypts from mice maintained on either standard or semipurified 0.5% Ca diet, but this increase in NFATc1 was abrogated in infected mice fed a semipurified hCa diet (Fig. 5C ). These findings imply that tight functional relationship exist between TRPV6 and the calcineurin/NFAT pathway in colonic cells in vitro and in vivo.
DISCUSSION
In this study, we show for the first time the profound and sustained overexpression of TRPV6 in TMCH, a mouse model for colonic crypt hyperplasia. This overexpression is not associated with an increase in 1,25(OH) 2 D 3 synthesis or a dietary calcium deficiency, but it is induced by infection with the attaching/effacing bacterium CR. TRPV6 overexpression in TMCH appears to be part of a repertoire of epithelial signals, including wnt/␤-catenin and NF-B, that are activated in response to bacterial injury and contribute to the wound healing process through compensating proliferation and antiapoptotic responses of the colonic epithelium (24, 32, 37, 38) . This overexpression of TRPV6 is probably not caused by the increased activity of NF-B or wnt/␤-catenin because its levels remained elevated (Fig. 2E ) when infected mice were fed a high-pectin diet that blocks these signals (Ref. 36 ; data not shown). These findings suggest the presence of an alternative and powerful mode of TRPV6 regulation in colon hyperplasia. For instance, CR colonization of the colon could change the profile of fermentation products in favor of compounds that induce TRPV6 expression (i.e., short-chain fatty acids) (9) .
We provide circumstantial evidence that TRPV6 promotes colonic epithelial cell proliferation in vivo by showing a direct correlation between TRPV6 expression and the mitotic activity and/or cellular mass of colonic crypts in both uninfected and infected mice. Furthermore, our in vitro studies using the colon carcinoma cells Caco-2 provide direct evidence for the regulation of cell growth by TRPV6; partially silenced TRPV6 expression reduced their proliferation and increased their apoptosis. These findings concur with the possibility that the cellular actions of TRPV6 in vivo are required for the repair process of colonic epithelium in CR-infected mice but might also lead to an aberrant cell proliferation and malignant transformation colon carcinogenesis. These in vitro findings also corroborate two recent studies that demonstrated similar growth-inhibitory responses to TRPV6 siRNA in breast and prostate cancer cell lines (5, 21) . However, it is important to note that the cellular activities of TRPV6 can be harnessed to yield different outcomes, depending on the cell type and context. For example, in gastric carcinoma cells, TRPV6 is essential for the induction of apoptosis by the drug capsaicin (7), whereas in primary keratinocytes its expression is necessary for the calcium-dependent transition of the cells from proliferation to differentiation (22) . Therefore, the actual role of TRPV6 in the colon should be determined by manipulating its expression and function in the normal or aberrant crypts in vivo, since these structures are regulated by a gradient of cellular signals (including a calcium gradient) that tightly orchestrates cell proliferation, differentiation, and apoptosis along the crypts' longitudinal axis (6, 31) .
The dietary manipulations in our study revealed that overall diet composition is extremely important for the protective action of Ca: TMCH was robust in infected mice when they were fed either standard diet containing 0.98% Ca or semipurified diet containing 0.5% Ca, but a semipurified diet containing 1% Ca was sufficient to suppress the hyperplasia and TRPV6 expression. Therefore, it seems that availability of Ca is substantially different in standard diets and semipurified diets. This was proven by other investigators (17) who fed either standard and or semipurified diets to severely hypocalcemic VDR-ablated mice. In that study, a semipurified diet containing 1% Ca restored serum Ca to normal levels whereas unpurified diet containing the same amount of Ca did not. There are several reasons for these differences in Ca absorbability and availability. For instance, AIN-93-based semipurified diets but not standard diets (i.e., Teklad 7012) contain 20% casein (g/kg), and casein phosphopeptides enhance Ca absorption (13) . In addition, the standard diet, but not the semipurified diet, is based on grains and legumes (wheat, oats, and soybean), which contribute to the formation of nonsoluble, nonabsorbable Ca-phytate complexes (13) .
Another interesting finding of our studies is that the CRinjured mouse colonic epithelium is highly sensitive to a modest increase in Ca content of the semipurified diet (0.5% to 1%). This is in contrast to other dietary studies in rodents that demonstrated cellular changes only by comparing colon responses to Ca-sufficient and extremely Ca-deficient diets. (18, 42) . We speculate that the colon in TMCH acquires sensitivity to extracellular calcium that is greater than that of the normal colon, and that the CaSR is the most likely target of this change (30) . We propose that in TMCH the threshold for CaSR activation by extracellular calcium increases substantially due to the overwhelming production of type II CaSR agonists (polyamines) in the CR-infected colon (11) . Polyamines such as spermine have been shown to increase the sensitivity of colonocytes to extracellular calcium, and together they induce a sustained elevation in the intracellular calcium concentration (14) . Since elevated intracellular calcium inactivates TRPV6 and elevated extracellular Ca suppresses TRPV6 expression (39), we propose that the TRPV6-overexpressing epithelial cells in TMCH are poised to respond significantly to even modest increases in dietary calcium through CaSR signaling.
In this study we also identified potential downstream molecular targets of TRPV6. In Caco-2 cells, TRPV6 regulated 90% of the drug-induced transcriptional activity of NFATs. Our studies did not determine whether the activity of NFATs is responsible for the effects of TRPV6 expression on Caco-2 cells growth, but the involvement of NFATs in gene regulatory events that contribute to carcinogenesis in general, and to colon cancer in particular, is well documented and includes transcriptional upregulation of COX-2 and c-myc (8, 23) . It is important to note that similar relationship between TRPV6 expression and NFAT activation has been reported for another cancer cell line (LnCaP; Ref. 21) . However, our studies have provided evidence that this relationship may also exist in vivo, because NFATc1 increased in both abundance and activity (as is implied from the substantial elevation in its nuclear localization) in TRPV6-overexpressing colonic crypts in TMCH, and this abundance decreased to baseline level when TRPV6 expression was suppressed by hCa diet.
Although the initial goal of this study was to identify molecular targets for the protective action of dietary Ca in the colon, we believed, initially, that 1,25(OH) 2 D 3 , the active metabolite of vitamin D, would improve the response to a hCa diet. Unexpectedly, our experiments provided strong evidence that an intermittent large dose of 1,25(OH) 2 D 3 increased the cellular mass in the normal colonic crypts and clearly antagonized the growth-inhibitory effect of a hCa diet in the CRinfected colon. Our findings are supported by a recent study showing that crypt hyperplasia associated with extensive mitotic activity of an injured colon in a mouse model of colitis is strongly dependent on the vitamin D receptor (20) . Since TRPV6 expression is extremely responsive to VDR and 1,25(OH) 2 D 3 in the large intestine, we propose that in conditions of severe epithelial damage (i.e., colitis), the wound healing response requires VDR and 1,25(OH) 2 D 3 and their molecular targets, including TRPV6. However, the administration of excessive amounts of the active vitamin D metabolite could also lead to undesirable overexpression of TRPV6, leading to tumor promotion and antagonizing the protective actions of dietary calcium.
